Water drinking increases muscle sympathetic nerve activity (MSNA), which is accompanied by a profound pressor response in patients with impaired arterial baroreflex function and in older populations, but not in healthy young subjects. We tested the hypothesis that an enhancement in the gain of arterial baroreflex control of MSNA contributes to the maintenance of arterial blood pressure after water drinking in healthy young subjects. The MSNA, arterial blood pressure and heart rate were measured in 10 healthy men (24 ± 2 years old; mean ± SD) before and for 60 min after ingestion of 500 ml of bottled water or saline solution. Weighted linear regression analysis between MSNA and diastolic blood pressure was used to determine the gain (i.e. sensitivity) of arterial baroreflex control of MSNA. After water drinking, MSNA was significantly elevated within 15 min and remained above baseline for up to 60 min [e.g. 21 ± 10 bursts (100 heart beats) −1 mmHg −1 at baseline versus 35 ± 14 bursts (100 heart beats) −1 mmHg −1 at 30 min; P < 0.01], whereas mean arterial blood pressure (e.g. 87 ± 7 mmHg at baseline versus 89 ± 7 mmHg at 30 min; P = 0.34) and heart rate were unchanged. The arterial baroreflex-MSNA gain for bursts incidence was increased and remained elevated throughout the protocol [e.g. −2.25 ± 0.99 bursts (100 heart beats) −1 mmHg −1 at baseline versus −4.32 ± 1.53 bursts (100 heart beats) −1 mmHg −1 at 30 min; P < 0.01]. Importantly, saline intake had no effect on arterial baroreflex-MSNA gain or any neurocardiovascular variables. These findings demonstrate that water drinking enhances the gain of arterial baroreflex control of MSNA in healthy young men, which may contribute to buffering the pressor response after water drinking, probably via osmosensitive mechanisms.
INTRODUCTION
Animal and human studies have demonstrated that water drinking may elicit a pressor response (May & Jordan, 2011) . Jordan, Shannon, Grogan, Biaggioni, and Robertson (1999) were the first to demonstrate a potent pressor response (increase of up to 33 mmHg in systolic blood pressure) after water intake in patients with severe orthostatic hypotension (i.e. patients with autonomic failure). Thereafter, they observed that the magnitude of the pressor response was attenuated in healthy elderly subjects and completely abolished in young healthy subjects after water intake (Jordan et al., 1999 (Jordan et al., , 2000 Schroeder et al., 2002; Scott, Greenwood, Gilbey, Stoker, & Mary, 2001) . The reason for the blunted pressor response after water drinking in healthy young c 2018 The Authors. Experimental Physiology c 2018 The Physiological Society subjects is not fully understood, but previous authors suggested that the arterial baroreflex might play a role. This idea is supported by animal experiments, in which mice with intact baroreflexes did not respond to water intake (McHugh et al., 2010) . In contrast, water elicited a substantial increase in arterial blood pressure after interruption of the afferent baroreflex arc by sinoaortic denervation (McHugh et al., 2010) .
In humans, water drinking increases efferent sympathetic outflow in the absence of a pressor response in young healthy subjects (Scott et al., 2001) , suggesting that baroreflex function is preserved; however, to our knowledge, this has not been tested directly. In contrast, in patients with autonomic failure and in hypertensive and healthy older adults, water intake induces sympathoexcitation, which is accompanied by a significant pressor response suggestive of impaired baroreflex function (Callegaro et al., 2007; Cariga & Mathias, 2001; Jordan et al., 1999 Jordan et al., , 2000 . Interestingly, previous studies have demonstrated that the central mechanism of osmosensation and systemic osmoregulation involves neurons of the central baroreflex regulatory regions (i.e. periaqueductal grey; Bourque, 2008) . Indeed, stimulation of the ventrolateral periaqueductal grey enhanced sympathetic baroreflex sensitivity in humans (Sverrisdóttir et al., 2014) . However, the extent to which an alteration in arterial baroreflex function may contribute to arterial blood pressure responses to water intake in healthy humans remains unclear. Therefore, the present study was undertaken to test the hypothesis that water drinking increases the arterial baroreflex control of muscle sympathetic nerve activity (MSNA) in young healthy subjects. To test this hypothesis, MSNA, arterial blood pressure and heart rate were continuously recorded before, during and for 60 min after ingestion of water or saline, and spontaneous arterial baroreflex-MSNA gain was calculated. We chose 60 min of data collection based on previous studies indicating that the peak MSNA response occurs ∼30 min after water ingestion in young healthy subjects (Scott et al., 2001 ).
METHODS

Ethical approval
The study was approved by the Fluminense Federal University ethics committee (CAAE: 53503816.0.0000.5243). Written informed consent was obtained from all participants, and all experimental procedures conformed to the standards set by the Declaration of Helsinki, except for registration in a database.
Participants
Ten healthy and recreationally active male volunteers with a mean (±SD) age of 24 ± 2 years, body weight of 77 ± 8 kg and height of 177 ± 6 cm participated in this study. Subjects had to be asymptomatic, non-smokers, normotensive and non-diabetic. None of the subjects was receiving prescribed or over-the-counter medications, and all were confirmed to have no heart disease. The subjects were recruited through posters placed on the university campus. Subjects were requested to abstain from caffeinated beverages for 12 h and from strenuous physical activity and alcohol for a minimum of 24 h before any experimental sessions. Subjects were a minimum 2 h postprandial upon arrival to the laboratory.
Measurements
Subjects were studied in the supine position at an ambient room temperature of ∼24 • C. Arterial blood pressure and heart rate were measured on a continuous beat-to-beat basis using finger electrode was adjusted until a site was found where nerve activity displayed a pulse synchronous pattern of spontaneous bursts, had a signal-to-noise ratio of 3:1, was increased during an end-expiratory breath-hold or Valsalva manoeuvre and was unresponsive to an unexpected loud noise or skin stroking (Vallbo, Hagbarth, Torebjörk, & Wallin, 1979) . The raw signal was amplified (×100,000), filtered (bandwidth 700-2000 Hz), rectified and integrated (time constant 0.1 s) to obtain a mean voltage neurogram (Iowa Bioengineering, Iowa City, IA, USA). Sympathetic bursts were identified using a fully automated program (Hamner & Taylor, 2001) ; burst identification was then corrected by inspection by a single blinded observer (L.C.V.).
The MSNA was quantified as burst incidence (in bursts per 100 heart beats) and burst frequency (in bursts per minute). In one of the 10 participants, we were able to obtain a quality MSNA signal only during the saline protocol.
Experimental protocol
After instrumentation, participants rested for ∼15 min to permit stabilization of all cardiovascular variables. Thereafter, a 10 min baseline was performed, in which the subject rested quietly while all neurocardiovascular variables were continuously recorded. The subjects then ingested 500 ml of bottled water (n = 9, pH 7.5; [Na + ], pressure, heart rate and respiration were measured for 60 min after the completion of drinking. In a subset of subjects (n = 6), a control visit was performed, in which 500 ml of saline was ingested and all experimental measures were performed in an identical manner to the water drinking visit. The temperature of the water and saline was controlled at 22 • C. The participants were advised to ingest 500 ml of water 2 h before the experiments to start the study protocol with a suitable hydration status (Teixeira, Ramos, Marins, & Ricardo, 2015; Vianna, Oliveira, Silva, Ricardo, & Araujo, 2008) and were asked to void their bladder immediately before the experiments (Fagius & Karhuvaara, 1989) . In addition, the participants' sensation of bladder filling was reported at the end of each experiment on a 0-10 scale, with zero representing a complete lack of this sensation and 10
representing an irresistible desire to void (Fagius & Karhuvaara, 1989) .
Data and statistical analysis
Baseline MSNA, arterial blood pressure and heart rate were calculated as mean values over a 5 min period. After consumption of water or saline, 5 min averages were calculated every 15 min. The same segments were used to assess arterial baroreflex control of MSNA by analysing the relationship between spontaneously occurring fluctuations in diastolic blood pressure and MSNA, as previously described (Fisher et al., 2015; Kienbaum, Karlssonn, Sverrisdóttir, Elam, & Wallin, 2001; Prodel, Barbosa, Mansur, Nobrega, & Vianna, 2017; Sundlöf & Wallin, 1978; Vianna et al., 2012) . Briefly, the diastolic blood pressure for each cardiac cycle within a data collection period was grouped into 3 mmHg pressure bins. The slope of the relationship between MSNA burst incidence and diastolic blood pressure was identified using linear regression analysis, with a minimum r value of −0.5 used as the criterion for accepting slopes (Kienbaum et al., 2001; Sundlöf & Wallin, 1978; Young, Deo, Chaudhary, Thyfault, & Fadel, 2010) . All data were weighted to account for the number of cardiac cycles within each pressure bin, thus removing bias attributable to bins containing a small number of cardiac cycles.
In addition, spontaneous cardiac baroreflex sensitivity (cBRS)
was assessed using the sequence technique as previously described (Holwerda et al., 2016; Parati, Di Rienzo, & Mancia, 2000; Teixeira et al., 2018a) . The sequence technique is based on the identification of consecutive beats in which progressive increases (or decreases) in systolic blood pressure (input variable) are followed by a progressive lengthening (or shortening) in RR interval (output variable). Briefly, sequences of three or more consecutive and concurrent beats with corresponding increases or decreases in systolic blood pressure and RR interval were identified as arterial baroreflex sequences (CardioSeries v2.4, Brazil). Sequences of at least three consecutive cardiac cycles were detected only when the variations in systolic blood pressure and RR interval were ≥1 mmHg and ≥1.0 ms, respectively.
A linear regression was applied to each individual sequence, and only those sequences in which r was >0.85 were accepted (Kardos et al., 2001; Zollei, Paprika, & Rudas, 2003) . The slopes of the systolic blood pressure and RR interval relationships for up and down sequences were then calculated and averaged for a measure of spontaneous cBRS.
Comparisons were made using univariate repeated-measures ANOVAs, and significant main effects were evaluated with LSD post hoc analyses when appropriate. Statistical significance was set at P < 0.05, and values are presented as means ± SD. Figure 1 shows an original recording of one representative subject, illustrating the MSNA and arterial blood pressure responses at TA B L E 1 Muscle sympathetic nerve activity (MSNA) and cardiovascular responses to water and saline drinking Water (n = 9) 13 ± 5 18 ± 6* 21 ± 7* 19 ± 5* 17 ± 5* Saline (n = 6) 15 ± 8 14 ± 7 15 ± 9 14 ± 7 17 ± 9
RESULTS
MSNA burst incidence [bursts (100 heart beats)
Water (n = 9) 21 ± 10 31 ± 15* 35 ± 14* 31 ± 11* 28 ± 10* Saline (n = 6) 24 ± 12 23 ± 11 25 ± 14 21 ± 11 26 ± 12
Systolic blood pressure (mmHg)
Water (n = 9) 120 ± 11 121 ± 12 121 ± 12 121 ± 12 121 ± 13
Saline (n = 6) 113 ± 6 113 ± 6 113 ± 7 115 ± 8 114 ± 8
Diastolic blood pressure (mmHg)
Water (n = 9) 72 ± 8 75 ± 9 75 ± 7 74 ± 8 74 ± 8
Saline (n = 6) 71 ± 9 73 ± 7 72 ± 9 73 ± 9 72 ± 9
Mean blood pressure (mmHg)
Water (n = 9) 87 ± 7 89 ± 9 89 ± 7 89 ± 8 90 ± 8
Saline (n = 6) 84 ± 6 86 ± 6 85 ± 7 86 ± 7 85 ± 8
Heart rate (beats min −1 )
Water (n = 9) 63 ± 8 61 ± 10 61 ± 11 60 ± 6 62 ± 6
Saline (n = 6) 62 ± 6 62 ± 7 62 ± 6 63 ± 7 65 ± 6
Values are the means ± SD. * P < 0.05 versus baseline.
baseline and at 30 min after water drinking. Group summary data of all neurocardiovascular variables at rest and at each time point after water drinking are presented in Table 1 . After water drinking, MSNA burst frequency and burst incidence were increased within 15 min and remained elevated above baseline for the remainder of the protocol (P < 0.05), whereas mean blood pressure and heart rate remained unchanged (P > 0.05). In comparison, after saline drinking, all neurocardiovascular variables remained unchanged from baseline throughout the protocol (all P > 0.05). (a) F I G U R E 2 Group summary and individual data for changes from baseline in MSNA burst frequency (a), MSNA burst incidence (b) and mean blood pressure (c) at each time point after ingestion of 500 ml of bottled water (grey bars, n = 9) or saline (open bars, n = 6). Separate ANOVAs were done on the saline and water groups because there were fewer subjects in the saline group. * P < 0.05 versus baseline when heart rate was used as the dependent variable (data not shown).
The number of sequences at each time point in the water and saline protocols was not different (all P > 0.05) and on average was 25 ± 8 at rest, 21 ± 7 at 30 min and 22 ± 8 at 60 min for saline intake; and 25 ± 14 at rest; 18 ± 10 at 30 min and 25 ± 17 at 60 min for water 
DISCUSSION
The main new finding of the present study is that water drinking enhanced the gain of the arterial baroreflex control of MSNA in young healthy men. Indeed, the slope of the relationship between diastolic blood pressure and MSNA was increased 15 min after ingestion of water and remained elevated throughout 60 min. Furthermore, mean arterial blood pressure, heart rate and cBRS were unchanged after water intake. In comparison, after ingestion of saline, all neurocardiovascular variables were unchanged. Collectively, these findings support the concept that an enhancement in the gain of the arterial baroreflex control of MSNA contributes to the maintenance of arterial blood pressure after water drinking in young healthy subjects and that these responses are likely to be mediated by osmosensitive mechanisms.
The sympathoexcitatory effects of water drinking are well established in both animals (McHugh et al., 2010) and humans (Callegaro et al., 2007; Scott et al., 2001) . Previous reports have demonstrated that water-induced increases in sympathetic outflow were accompanied by significant elevations in arterial blood pressure in patients with autonomic failure and elderly subjects but not in young healthy subjects (Cariga & Mathias, 2001; Jordan et al., 1999 Jordan et al., , 2000 .
The findings of the present study advance our understanding of how healthy young subjects are able to buffer the increases in arterial blood pressure after water drinking. For the first time, we demonstrate that an enhancement in the gain of arterial baroreflex control of MSNA may counteract the effects of water-induced increases in sympathetic outflow to maintain arterial blood pressure. In line with this, previous animal reports have shown that mice with intact baroreflexes did not respond to water intake, whereas water elicited a substantial increase in arterial blood pressure after interruption of the arterial baroreflex arc via sinoaortic denervation (McHugh et al., 2010) . In addition, it has been shown that patients with autonomic failure present impaired arterial baroreflex control compared with healthy counterparts (Biaggioni, 2017) . Taken together, these findings suggest that intact arterial baroreflex function is essential for the maintenance of blood pressure after water drinking.
The precise pathways mediating the improvement in arterial baroreflex-MSNA gain after water intake remain unclear, but some relevant points warrant discussion. The pressor response to water drinking may involve osmosensitive transient receptor potential vanniloid 4 (Trpv4). Water absorption induces a hyposmolar stimulus in the portal circulation, probably involving activation of Trpv4 (Lechner et al., 2011; McHugh et al., 2010) , which triggers a sympathetic reflex (Jordan et al., 2000) and may increase arterial blood pressure. Indeed, duodenal infusion of water [25 l (g body weight) −1 ] decreases portal osmolality in both wild-type and Trpv4 −/− mice (all had undergone sinoaortic denervation), but only wild-type mice demonstrated increases in arterial blood pressure (McHugh et al., 2010) . Collectively, these data suggest that the pressor response induced by water ingestion involves sympathetic activation and that the Trpv4 channel is an important mediator of the afferent input of the response (McHugh et al., 2010) .
In addition to the well-described sympathoexitatory effects of water intake, the present finding illustrates the impact of water drinking on the arterial baroreflex.
The central mechanisms of osmosensation and systemic osmoregulation are not fully understood, but we can speculate that the hepatic portal osmoreceptors signal hyposmotic stimuli via the splenic nerve activating different brain regions, including the periaqueductal grey (Bourque, 2008) . Indeed, stimulation of the ventrolateral periaqueductal grey has been shown to enhance sympathetic baroreflex sensitivity in humans (Sverrisdóttir et al., 2014) ; however, whether this osmoregulatory circuit plays a role in water intakeinduced elevations in arterial baroreflex-MSNA gain requires further investigation.
The osmopressor response to water is apparent in patients with autonomic failure and elderly subjects but not in young healthy populations. We reasoned that in young healthy subjects, the pressor response to water was not observed owing the fact that osmoreceptormediated increases in MSNA were counteracted by an enhancement in the gain of arterial baroreflex control of MSNA. Indeed, we found that the arterial baroreflex-MSNA gain was increased 15 min after water intake and remained elevated for the remainder of the protocol. Interestingly, we did not find any changes in cBRS after water ingestion.
The reason for these differential findings are unclear, but might be associated with greater changes in sympathetic outflow compared with vagal outflow after water drinking, the latter being more representative of spontaneous cBRS. Nevertheless, there are several reports in the literature indicating differential changes in cardiac and MSNA baroreflex control after a variety of interventions (Young et al., 2010) , and a lack of relationship between cardiac and sympathetic baroreflex sensitivity has been reported in healthy humans (Dutoit et al., 2010; Taylor et al., 2015) . In addition, it is important to note that the methods used to measure cardiac and sympathetic baroreflex assess different components of the arterial baroreflex system. More specifically, baroreflex-MSNA gain does not take into account the end-organ response, whereas the cBRS gain includes the end-organ response (Parati et al., 2000) . In this sense, further investigation is warranted to clarify the mechanisms by which water drinking differentially affects sympathetic and cardiac baroreflex sensitivity.
In the present study, we used spontaneous baroreflex measures derived from MSNA burst incidence and not total MSNA. The rationale for this approach was based on previous studies demonstrating that the gain of arterial baroreflex control of MSNA burst incidence was similar to sympathetic baroreflex sensitivity obtained using pharmacological manipulations of arterial blood pressure (Dutoit et al., 2010; van Schelven, Karemaker, Blankestijn, & Oey, 2008) . In contrast, spontaneous arterial baroreflex gains calculated from measurements using total MSNA have been suggested to be influenced more by nonbaroreflex inputs (Dutoit et al., 2010; Kienbaum et al., 2001) , which might limit the interpretation of such measures. Indeed, several studies have reported weak relationships between burst area and diastolic blood pressure, whereas burst incidence consistently demonstrates strong relationships with diastolic blood pressure (Dutoit et al., 2010; Keller et al., 2004; Kienbaum et al., 2001; Ogoh, Fisher, Raven, & Fadel, 2007; Rudas et al., 1999) .
It is important to note the potential limitations of the present study. We included only men and, given existing sex differences in blood pressure regulation (Hart & Charkoudian, 2014; Joyner, Wallin, & Charkoudian, 2016; Kim et al., 2011; Teixeira et al., 2018b) , our results may not be generalizable to women. In addition, the arterial baroreflex control of MSNA was calculated based on a closed-loop measure using spontaneous fluctuations in MSNA and blood pressure only. We recognize that open-loop assessments of arterial baroreflex gain using perturbational methods, such as the infusion of vasoactive drugs (i.e. modified Oxford), allow for a more comprehensive examination of arterial barorefex control of MSNA. Nevertheless, the slope of the relationship between MSNA and diastolic blood pressure derived from the closed-loop spontaneous analysis method has been shown to be correlated with the slopes derived using the open-loop modified Oxford approach for assessing arterial baroreflex-MSNA gain (Dutoit et al., 2010) . Furthermore, important to our study design, we were interested in making arterial baroreflex measurements at multiple time points to characterize the response after water ingestion fully, and repeating the modified Oxford technique at baseline and then every 15 min for 60 min was not feasible, particularly as it is standard to perform at least two modified Oxford trials at each time point (Holwerda et al., 2016; Rudas et al., 1999) .
In summary, the present study demonstrates, for the first time, that bottled water, but not saline intake, enhances the gain of arterial baroreflex control of MSNA in young healthy men. These data support the concept that the lack of a pressor response after water ingestion in young healthy subjects may be attributed to water-induced increases in the gain of arterial baroreflex control of MSNA.
